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ABSTRACT A Markovian model of the cardiac Ca release channel, based on experimental single-channel gating data, was
constructed to understand the transient nature of Ca release. The rate constants for a minimal gating scheme with one
Ca-free resting state, and with two open and three closed states with one bound Ca2 were optimized to simulate the
following experimental findings. In steady state the channel displays three modes of activity: inactivated I mode without
openings, low-activity L mode with single openings, and high-activity H mode with bursts of openings. At the onset of a Ca2+
step, the channel first activates in H mode and then slowly relaxes to a mixture of all three modes, the distribution of which
depends on the new Ca2+. The corresponding ensemble current shows rapid activation, which is followed by a slow partial
inactivation. The transient reactivation of the channel (increment detection) in response to successive additions of Ca2+ is
then explained by the model as a gradual recruitment of channels from the extant pool of channels in the resting state. For
channels in a living cell, the model predicts a high level of peak activation, a high extent of inactivation, and rapid deactivation,
which could underlie the observed characteristics of the elementary release events (calcium sparks).
INTRODUCTION
The mechanism of calcium gating of the calcium release
channel (ryanodine receptor type) of both cardiac and skel-
etal muscle sarcoplasmic reticulum subtypes has been the
subject of extensive experimental studies (for a review, see
Coronado et al., 1994). Paradoxically, after reconstitution
into planar lipid membranes, the two subtypes are activated
by calcium in a very similar way (Chu et al., 1993; Gyorke
et al., 1994), in spite of the fact that under physiological
conditions only the cardiac type requires calcium to trigger
release (Rios and Brum, 1987; Fabiato, 1985). Another
paradox concerns their inactivation mechanism, which was
found to be calcium dependent for the skeletal type, but
calcium independent for the cardiac type (Smith et al., 1988;
Chu et al., 1993), despite the fact that upon activation under
physiological circumstances both are expected to be ex-
posed to an explosive increase in the Ca2+ concentration in
their vicinity (Escobar et al., 1994; Cannell et al., 1994,
1995; Lopez-Lopez et al., 1995; Klein et al., 1996;
Shacklock et al., 1995; Tsugorka et al., 1995). The calcium-
dependent mechanism of inactivation can easily be envi-
sioned as a transition of the activated channel to a closed
(inactivated) state upon binding of another Ca2+ ion. It is
not obvious, however, how the inactivation works without
binding of Ca2+, as might be the case for the cardiac RyR
subtype.
It is known that activation of the calcium release channel
(CRC) by calcium ions induces two distinct bursting pat-
terns of activity (Ashley and Williams, 1990; Sitsapesan
and Williams, 1994), brought about by slow processes that
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have been experimentally characterized as three distinct
modes of channel gating (Zahradnmkova' and Zahradmnk,
1995a). The presence of gating modes with very different
open probabilities may have important implications for the
dynamics of channel gating during large and abrupt con-
centration changes of cytoplasmic Ca2 , taking place dur-
ing the excitation-contraction-relaxation cycle of a cardiac
cell. In bilayer experiments with cardiac CRC, abrupt
changes in Ca2+ using caged calcium and a laser pulse to
generate a step increase in free Ca2+ in the vicinity of CRC
(Gyorke and Fill, 1993) induce a transient increase in chan-
nel activity. The underlying molecular mechanism of this
rather complex process, termed "adaptation," has not yet
been elucidated at the single-channel level, although several
models reproducing some features of ensemble open prob-
ability have recently been reported. These models, however,
predict either a calcium-dependent inactivation of steady-
state P. (Tang and Othmer, 1994) or a prolongation of
channel open times with increasing Ca2+ (Cheng et al.,
1995; Sachs et al., 1995), features that are not observed in
single-channel measurements.
In this paper, using modeling and simulation, we test the
hypothesis that the process of the cardiac Ca release channel
adaptation arises from time-dependent transitions of the
channel between individual modes of gating. We introduce
the concept of fast-access and slow-access states, which
makes testing of the dynamic channel behavior possible. We
constructed the simplest possible model, based on experi-
mental data where the channel was activated by Ca2+ in the
absence of other physiological modulators such as ATP or
Mg2 . This model simulates the steady-state behavior of
CRC at the single-channel level, i.e., its open and closed
lifetimes, bursting patterns, and modal gating, and at the
macroscopic level, i.e., its rate of activation and inactiva-
tion. We also show some predictions of the model that can
be experimentally verified.
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MATERIALS AND METHODS
The Mathematica program (version 2.2; Wolfram Research) implemented
on an AT 486 machine was used for modeling. Channel kinetics was
described by a matrix of transition rates between individual channel states
of the analyzed gating schemes (Colquhoun and Hawkes, 1982, 1983).
Steady-state probabilities of individual open and closed states were ob-
tained by solving the system of equilibrium equations, describing the
equilibria between channel states as ratios of transition rates. Theoretical
probability density functions of open and closed time distributions were
computed according to the method of Colquhoun and Hawkes (1982).
The time course of the probabilities Pi of the individual states after
application of a step change in cis calcium concentration was calculated by
solving a system of ordinary differential equations of channel kinetics
(Eq. 1):
dt Pi klj + E (kjPj), (1)1,j#j j,joi
where Pi's (Pj's) are the probabilities of state i * j (j + i), and kij are the
transition rate constants from state i to state j. Initial conditions were
obtained either from the solution of equilibrium equations, if the step
change was applied from the steady state, or fed in from a previous solution
of differential equations if the step occurred at a time before reaching
steady state. We will refer to the kinetics of channel activation computed
in this way as theoretical kinetics.
The apparent calcium sensitivity of open probability PO, probability of
mode occurrence PM, and within-mode open probability POM were de-
scribed by the general equation (Eq. 2), to which we will refer as theoret-
ical calcium dependence:
E KJ[Ca]
pse
iose [Ca]
Kj[Ca] + E Ki[Ca] + I a KCa + [Ca]'
jE=-Z-y iE=Set
(2)
where
EKi
1 max K + E Ki
jEg-Y iES
and
KCa EK + E Kl-
jE-et-Y iEge
Kj (or Kj) is the equilibrium constant of the ith (or jth) state relative to the
resting state R, T stands for the examined set of states (e.g., open states,
fast-access states, etc.), 9Y is the set of all participating states, and W ,y is
the complement of T in 9.
The calcium dependence of Po, PM, and PO.M for simulated data was
obtained by fitting the evaluated probabilities with Eq. 3:
P = Pmax K [Ca] (3)
The extent of inactivation was expressed as hoo = (Popeak- Po,steady)/
Po.,peak
Stretches of single-channel activity were simulated with the CSIM program
(Axon Instruments), using an AT 486 computer, and analyzed with TRAN-
SIT software (Baylor College of Medicine, Houston, TX) as in Zahradni-
kova and Zahradnlk (1995a). In the simulated records, the rms of the
background noise after filtering at 2 kHz was set to 12.5% of the single-
channel amplitude. To resolve all closed time components, stretches of data
containing at least 10,000 openings had to be simulated, which in the case
of 0.1 and 0.5 ,uM Ca2' amounted to 2000-s simulations. The minimum
duration of simulated data was 60 s. The noncumulative histograms of open
and closed times were fitted by sums of exponentials using the minimum
X2 method, and all other secondary analyses, calculations, statistics, and
graphics were done using Origin version 3.50 (Microcal Software,
Northampton, MA). It should be noted that the theoretical parameters,
obtained from Eqs. 1 and 2, provide a full description of the model. In
contrast, the parameters of the model obtained by analysis of simulated
data are subjected to limitations similar to those of the experimental data,
i.e., to finite sampling frequency and effects of noise and filtering, resulting
mostly in missing very fast events.
CONSTRUCTION OF THE MODEL
Identification of modes and states
The basic framework of our model was built on four exper-
imental observations with the CRC reconstructed into lipid
bilayers. First, analysis of steady-state activity of the cardiac
CRC activated by calcium established a minimum of two
open (T.l < To2) and three closed (T,, < Tc2 < 'Tc3) lifetimes
(Ashley and Williams, 1990; Chu et al., 1993; Zahradni-
kova' and Zahradnik, 1995a). Second, changes in channel
activity on a slow time scale were shown to result from
transitions between modes with time constants of about 1 s
(Zahradnfikova and Zahradnfk, 1995a). Three mode types
(the open modes L and H, and the closed inactivated mode
I) displayed two types of transitions among them, meaning
that modes are arranged in series. Third, burst analysis
within modes revealed that each of the two open modes
most probably contains one closed and one open state
(Zahradnfkova and Zahradnfk, 1995a). Fourth, when chal-
lenged with a step increase in Ca21 concentration, the CRC
responds with a transient increase in activity (Gyorke and
Fill, 1993).
It was hypothesized (Zahradnlkova' and Zahradnfk,
1995a) that the transient response of CRC activity to a step
increase in Ca21 concentration, as reported by Gyorke and
Fill (1993), results from transitions among modes. Accord-
ing to this hypothesis the sharp increase in ensemble chan-
nel current in response to a Ca21 concentration pulse can be
explained by activation of the channel within the high open
probability mode H, because single CRC channels display
bursts of high PO typical for mode H at the commencement
of a Ca step, as seen in experiments of Gyorke and Fill
(1993). The subsequent decay of CRC gating activity to the
much lower steady-state level proceeds monoexponentially
on a seconds time scale (Gyorke and Fill, 1993), which can
be envisioned as an equilibration of the channel into a
mixture of modes H, L, and I. This is schematically shown
in the top part of Fig. 1. Here the basic idea of a kinetically
driven transient behavior of the channel is illustrated: The
binding of agonist, in this case the Ca2+ ion, is hypothesized
to occur only when the channel is in a specific mode of
activity-H-mode in our specific case. Furthermore, both
binding and unbinding of the agonist are very rapid, so that
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FIGURE 1 The gating scheme of the calcium release channel. (Upper
scheme) Sequence of intermodal transitions after binding of Ca21 generally
expected to produce transient activity of the channel. Early after the Ca2+
concentration step, transitions between fast-access states (RHM) prevail.
At later times, as indicated by the hollow arrow, the channel equilibrates
into the steady-state mixture of all modes. R, resting state; HM, high open
probability mode; LM, low open probability mode; IM, inactivated mode.
Full double arrows denote fast transitions; light double arrows denote slow
transitions. (Lower scheme) The state scheme of the calcium release
channel minimal model. R, resting state; C1, C2, closed states; 01, 02,
open states; I, inactivated (long-lived closed) state. Thin arrows represent
slow transitions. Values of the rate constants used for modeling are given
in Table 1.
the channel in the agonist-free state R can be considered to
still reside in H mode. In the agonist-bound form, the
channel can interconvert to the other two modes of activity.
The simplest gating scheme that reproduces the above
features, and at the same time is in accord with the results
of autocorrelation analysis (Ashley and Williams, 1990;
Sitsapesan and Williams, 1994), is shown in the bottom part
of Fig. 1. A similar six-state scheme was proposed by
Zahradn'kova and Palade (1993) to explain the inhibitory
effects of procaine. These schemes are an extension of a
minimal gating scheme of two alternating closed and open
states in a loop, connected to the resting state, as suggested
by Ashley and Williams (1990). Considering that two of
four C <-> 0 transitions facing each other in the loop of the
gating scheme (thin arrows in Fig. 1) have to be in the range
of seconds to simulate slow channel gating (Zahradnfkovai
and Palade, 1993), it is reasonable to assume that they are
involved in intermodal transitions (Zahradnfkova and Zahr-
adnfk, 1995a,b). Intramodal analysis revealed that each of
the modes L and H contains one distinct open state and at
least one distinct closed state. In terms of the gating scheme
of Fig. 1 it thus means that states C1 and 01 contribute to
mode H activity (high open probability), and states C2 and
02 to mode L activity (low open probability). The remain-
ing long-lived closed state would then correspond to mode
I and is annotated in Fig. 1 as I to emphasize its functional
correspondence to an inactivated state.
Once we identified modes and states of the scheme, our
next step was its quantification. First we assigned functional
states, identified by open and closed lifetimes from the
steady-state measurements, to states in the gating scheme.
Next we estimated the rate constants of transitions between
taking advantage of the specific properties of the channel as
outlined below. Finally, we tuned the complete system by
adjusting the rate constants to approximate all of the avail-
able, albeit incomplete, experimental data.
Estimation of rate constants
The slow transitions between open modes, assigned in our
scheme to transitions 01 <-> C2, 02 <-> Cl, make a negli-
gible contribution to the lifetime of either open state. In the
framework of our model it means that either of the mea-
sured mean open times can be identified with just one (fast)
rate constant. Then, taking into account the results of in-
tramodal analysis (Zahradnfkovai and Zahradnfk, 1995a)
that mode H is dominated by long, while mode L by short
openings, we can write kolcl = l/7o2 and ko2C2 = /o
The rate of I -> C2 transition, which represents the exit rate
from the inactivated mode I, may be identified in a first
approximation with the slowest closed time: kIC2 = '/ml
Insight into very fast events of Ca2+ binding to the
resting state came from experiments with calcium steps. If
activation has to proceed with a time constant of 1-3 ms at
[Ca2+] ' KCa, as observed by Gyorke and Fill (1993) and
Gyorke et al. (1994), then the state Cl has to be short-lived
and, moreover, the rate constant kc,01 has to be very large
and much larger than the slow kc102. Otherwise the activa-
tion rate would be slow, and short isolated openings would
be observed at the onset of Ca pulses. These criteria are
matched only by Tcl' the shortest of the observed closed
times. The analysis of channel lifetimes during transitions
within mode L and burst analysis (Zahradnlfkova' and
Zahradnfk, 1995a) supports the connection of Cl with the
open state of longer lifetime, approximated by To2' which
provides the CRC with bursts and mode H. The exact value
of Tcl is not known, as the experimentally measured values
were shown to be frequency limited (Sitsapesan and
Williams, 1994; Zahradnlfkovai and Zahradnfk, 1995a). Con-
sequently, the corresponding rate constants kc,01 and kClR
(neglecting the very slow kc,02) cannot be determined
directly. The remaining medium closed time can be as-
signed to the only remaining closed state C2. In addition, as
kC201 was already identified to be very slow, kC202 should
be almost equal to I/Tc2. The correspondence between C2
and Tc2' and their connection to 02 (T,), are also in agree-
ment with the results of the burst analysis (Ashley and
Williams, 1990; Sitsapesan and Williams, 1994; Zahradni-
kova and Zahradnik, 1995a). The respective numerical val-
ues used in the model, I/ToI = ko2C2= 3000 s-1, l/T2 =
kolcl = 500 s1 I/Tc2 =kC202 = 100 s1 1/mI =kIC2 =
1.5 s-1, are based on published data (Chu et al., 1993;
Sitsapesan and Williams, 1994; Zahradnfkovi and Zahrad-
nfk, 1995a).
The next step was to assign a rate constant to the transi-
tion R ->C 1. The value used previously (Zahradnfkovaand
Palade, 1993), based on the comparison of the Ca binding
step with that of the Ca2+-activated potassium channel of
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skeletal muscle (kRcl - 107 molF-I s- 1), provided transients
with very slow activation. The results of Gyorke and Fill
(1993) dictated an increase in this rate constant, to accom-
plish an activation of the channel by 1 ,uM Ca2+ within 1-3
ms. This was obtained by setting kRcl to 109 mol-1 s-1, a
value that is comparable to the association rate constants of
Ca2+ with fast fluorescent dyes (Eberhard and Erne, 1989)
and can be considered as an upper estimate.
The considerations outlined above enabled the estimation
of five out of 12 rate constants. The remaining seven slow
constants were found by solving the model's equilibrium
equations for the peak and for the steady state in parallel. In
our case the peak can be approximated by a quasi-equilib-
rium of the resting state R with the fast-access H-mode
states Cl and 01, because these are reached about 3 orders
of magnitude faster than the full equilibrium (compare rates
of activation and inactivation in Gyorke and Fill, 1993).
This helps to avoid differential equations, as we could
express the peak open probability p0wp as POL1H (probability
of O1 in mode H). The steady-state open probability was
found from the complete set of equilibrium equations. The
rate constants were then determined by using simple rela-
tions as input conditions. First, the relation kcI01 X koIC2 X
kC202 X ko2CI = kC102 X ko2C2 X kC201 X kolCl must
hold, because of the principle of microscopic reversibility.
Second, five criteria that should be met to reproduce the
experimentally observed channel characteristics at both the
peak and the steady state have been selected from available
experimental data at characteristic Ca2+ concentrations: 1)
At [Ca2+] much larger than KCa, at which the probability of
entering the resting state approaches zero, the maximum
open probability at the peak PO p = Po1,H should approach
1 (we have seeded Po1,H - 0.95, according to the data of
Gyorke and Fill, 1993); 2) In steady state, P. should be
equal to the maximum steady-state open probability PO s =
PO1 + P02 = PO1,HPH + PO2,LPL (we have seeded P., to
-0.2, in accordance with several published reports: Ashley
and Williams, 1990; Sitsapesan and Williams, 1994;
Zahradnikova and Zahradnfk, 1995a); 3) The steady-state
probability of the inactivated state should correspond to the
occurrence of I mode, P, (the value of P, we have estimated
to be -0.2; Zahradnfkovd and Zahradnfk, 1995a); 4) The
activation should produce a measurable transient, i.e., PO,P
should be larger than P0,s for [Ca2+] : Kca/X (x > 4,
according to Gyorke and Fill, 1993); 5) Half-activation of
the channel in steady state is in the micromolar range (Chu
et al., 1993; Gyorke and Fill, 1993). Of these five criteria,
only four are independent. Thus for certain sets of input
values the system has no solution. Furthermore, for low
input values of kc,01, some of the computed rate constants
were negative. With the seeded values of kclR = 100,000
s-1, kc,01 = 10,000 s-1, kC21 = 0.5 s-1, and the relation-
ships of kC102/kO2C1 = 2 and kOC2/kC201 = 3, the solution
gave values of PO1,H = 0.952, Po,r = 0.214, P, = 0.194,
Kca = 0.971 ,M, and x = 7.76 (which means that the
activation of the channel becomes transient at steps to
[Ca2+] 0.971/.76 = 0.13 ,kM). Finally, for the values of
the slow transitions, (i) koIC2 will determine the rates of
both inactivation and exit from mode H (because Po, >>
PCI), (ii) k02C1 and kC201 together with kC21 will determine
the rate of exit from mode L. By trial and error, we obtained
the values of k02c1 = 0.5 s-1 and ko0C2 = 2.0 s-1. Thus all
slow rate constants in the model (kc102, k01C2, k02C1, kC201,
kIC2, and kC20) are in the range of 0.5-2 s-1. These values
are close to the measured intermodal transition rates
(Zahradnikova and Zahradnik, 1995a) and provide simula-
tions that approximate real experimental data.
The resulting set of rate constants, summarized in Table
1, must be taken as approximate and relative, because of the
lack of experimental data regarding certain properties of the
channel, such as calcium dependence of modal behavior,
and broad-range calcium dependence of the single channel
during rapid Ca21 changes. The very good agreement of this
simple model with the available experimental data made it
possible to take a theoretical approach and inspect the
behavior of the virtual CRC under conditions that are not
yet experimentally feasible but are of physiological impor-
tance. (It should be noted that the gating activity was
simulated without adjustment to changes in single-channel
conductance of the channel at high Ca2+.)
STEADY-STATE ACTIVITY OF THE MODEL AND
ITS Ca2+ DEPENDENCE
Ca2' dependence of lifetime parameters
Single-channel currents shown in Fig. 2 A are representative
samples of simulations that demonstrate typical patterns
generated by the model upon activation at Ca2+ concentra-
tions over 5 orders of magnitude. The simulated currents,
which most closely resemble the experimental data, are
characterized by their random spiking activity at low [Ca2+]
(below 0.5 ,iM), in contrast to evident modal behavior at
higher [Ca2+] (above 1 ,uM), where bursts with high open
probability are interspersed with long closed periods and
periods of random openings. As shown, long closures be-
come the more distinct, the higher the activating [Ca2+] that
is used.
Kinetic analysis of these simulations confmed, as ex-
pected, the existence of two mean open times and predicted
TABLE I Kinetic parameters of the model (Figure 1) used for
simulation of channel behavior
kRCl = 1.0 X 103 X [Ca2+], ,Mmol-'I S-
kc1R = 1.0 X 105, s- 1kl= 1.0 x i05, s'kCIol = 1.0 X 104, s-I
kolcl = 5.0 x 102, s- I
kC1o2= 1.0 x 100, s-
ko2CI = 5.0 x 10', s-'
ko,C2= 2.0 x 100, s-'
kC201 = 6.666 x 10-, s-'
ko2C2= 3.0 X 103, s-
kC202= 1.0 x 102, s-
kc2I= 5.0 x 10-1, s-I
kIC2= 1.5 X 100, s-'
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FIGURE 2 Calcium dependence of the simulated Ca release channel activity in the steady state. (A) Examples of simulated single-channel traces at
different activating Ca~ concentrations (indicated at the left and above the records). (B) Lifetime parameters of the model at different Ca'+ concentrations.
Lines represent theoreticall predictions calculated dir-ectly from the set of rate constants. Points are the values estimated from simulated traces. Upper two
panels: Open times. Open circles and dashed lines are for To,., and full circles and full lines for TO). Lowere two paniels: Closed times. Open, dotted, crossed
and full squares, and dashed-dotted, dotted, dashed, and full lines are for Tc1, T.2, T,.:, and T,4, respectively. At some Ca~+ concentrations, only three closed
time componenits could be detected because of identical values of two lifetimes.
their proportion and lifetime to be independent of [Ca2+]
(Fig. 2 B). Deviations of the estimated open times (poinlts)
from the predicted values (lin1es) calculated directly from
rate constants arise from the missed closures that are shorter
than 200 ,ts. For high Ca?+ the distributions of open times
were best fit with three time constants (one of which, in the
range of 10-20 ms, was purely artifactual; data not shown).
From an experimental point of view it is worth mentioning
that this effect increases in its significance at Ca2+ concen-
trations that are two or more orders of magnitude higher
than Kc., The results of this section indicate the extent by
which the estimate of the relative contribution of a channel
state deviates from the true value, if the lifetime drops
below the resolution limit.
Analysis of closed times provided a more complex pic-
ture (Fig. 2 B). One of the three Ca-independent time
constants (squares) was found to be close to or below the
resolution limit at all Ca2+ concentrations. The time con-
stant T04 decreased with Ca2+ concentration and spanned
the range from 100 ms to below the time resolution limit.
The relative proportions (Wli) of the closed lifetime com-
ponents did not strongly depend on Ca2+ concentration in
the range 0.1-100 p.M Ca2+. However, the lifetime of the
calcium-dependent component (Tc4) was close to Tc2 at 0.1
- - -
50
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,uM Ca2+, and coincided with Tc3 around 1 ,uM Ca2+ and
with Tc, above 10 ,uM Ca2+. Therefore it apparently de-
creased the proportion of long closed time components and
increased the short open time components with increasing
Ca2+, which resembled the experimentally observed ten-
dencies (Ashley and Williams, 1990; Zahradnikova' and
Zahradnlfk, 1995a).
Ca2+ dependence of PO and modes
The calcium dependence of the steady-state open probabil-
ity of the simulated traces (Fig. 3 A, open triangles) was
similar to that calculated directly from the rate constants
using Eq. 2 (Fig. 3 A, dotted line). There was a large
A
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FIGURE 3 Calcium dependence of the characteristic probabilities of the
model. (A) Calcium dependence of the channel open probability, obtained
from analysis of the simulated data in the steady state (A) and at the peak
of the transient (A), and of the within-mode open probabilities for the two
open modes (®D and 0 for modes L and H, respectively). The full lines are
the respective hyperbolic fits (with Eq. 3) for the peak open probability,
steady-state open probability, and the open probability within H mode. The
corresponding theoretical calcium dependencies calculated using Eq. 2 are
shown as dashed, dashed-dotted, and dotted lines for H mode, L mode, and
steady-state P., respectively. (B) Calcium dependence of the relative con-
tribution of the three modes to channel activity expressed as probability of
mode occurrence. 0, ED, 0, Values for modes I, L, and H, respectively,
obtained by analysis of simulated data. Dotted, dashed, and full lines
indicate the respective calcium dependencies calculated directly from rate
constants.
dispersion in P0 values of individual simulations, which
resembled in this respect the experimental data and resulted
in a relatively large error in the estimated Kca (see also
Table 2).
Gating activity consisting of three modes (null-, low-, and
high-open-probability modes I, L, and H, respectively) was
apparent in the simulated records, as it was in the experi-
ments. All three modes could be resolved at or above [Ca2+]
= 0.5 ,uM. For lower [Ca2+], it was not possible to dis-
criminate between the high- and low-open-probability seg-
ments. Calcium dependencies of the mode properties were
determined by single-channel analysis of simulated data
using Eq. 3. Theoretical calcium dependencies were esti-
mated from Eq. 2 using the rate constants from Table 1 and
assuming that the H mode and the peak response arise from
the fast subset of states (R, Cl, 01) only, that the L-mode
response arises from states C2 and 02, and that all states of
the scheme participate in the steady-state open probability.
The results from both approaches are given in Table 2 (see
alsofitted curves in Fig. 3). The open probability within the
L mode was found to be independent of Ca2+, whereas the
open probability within the H mode increased with Ca2 .
The open probability during each of the active modes was
much less variable than the overall open probability, as was
the case with the experimental data (Zahradnikova' and
Zahradni'k, 1995a).
The probability of occurrence of each mode was calcium
dependent. Mode L and mode I were more prominent at
high Ca2 , whereas the probability of H-mode occurrence
decreased with Ca2+. There were significant variations be-
tween individual simulations regarding mode occurrence,
which resulted mainly in variations of KCa for mode prob-
abilities (Table 2), another feature of the model akin to
experimental data.
Modal and burst analysis
To compare the model with experiments regarding the in-
tramodal behavior, a set of 12 files, corresponding to the
experimental set used by Zahradnfkova' and Zahradnf'k
(1995a), was generated for 10 ,M Ca2+ and analyzed using
the same modal analysis technique. A comparison of the
intramodal behavior as predicted by the model with the
experimentally measured values is given in Fig. 4. In ac-
cordance with the experimental observations, two open
times, three closed times, and two types of bursts could be
detected in either open mode. Similarly, the values of life-
times or number of openings per burst were not found to
vary between mode types. The proportion of individual
open and closed time components and the proportion of the
two burst types was drastically different in mode L and
mode H, as observed in experiments. It has to be noted that,
in this model, the presence of two types of openings and two
types of bursts in individual modes results from cross-
contamination of the modes by short-lasting sojoums in the
opposite active mode.
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TABLE 2 Calcium dependence of open probabilities and probabilities of modes
Probability Calcium sensitivity, Kca
Simulated Theoretical Simulated Theoretical
Steady-state PO pmady 0.207 ± 0.006 0.214 1.11 ± 0.29 0.97
Within-mode PO POL 0.028 ± 0.001 0.032 -
prnax
o,H 0.597 ± 0.016 0.952 2.92 ± 0.25 4.76
Probability of mode occurrence PI,m 0.112 ± 0.06 0.194 0.99 ± 0.14 0.97pmax 0.570 ± 0.015 0.602 0.88 ± 0.12 0.97
PFOH 1.03 ± 0.13 1.0 1.40 ± 0.56 0.97
pmin 0.31 ± 0.01 0.204
Peak P. pmak 0.914 ± 0.002 0.952 4.47 ± 0.06 4.76
Po,L is independent of Ca2'; PH is a decreasing hyperbolic function of Ca2+. All other probabilities are increasing hyperbolic functions of Ca2+.
The transitions between modes for the model were in-
spected using the nest-diagram technique (Zahradnikovi
and Zahradnfk, 1995a) at several Ca2+ concentrations be-
tween 0.5 and 1000 ,uM (Fig. 5). In addition to documenting
the Ca dependence of open probability in mode H, and its
Ca independence in mode L, the nest diagrams illustrate the
Ca dependence of the observable transition frequencies be-
tween modes. At low Ca2 , transitions L H prevail,
whereas transitions L < I become more prominent at
[Ca2+] > 5 ,uM. Although the model states that no direct
transitions between the H mode and I mode are possible,
apparent H <-> I transitions can be observed in the nest
diagrams at Ca2+ concentrations above the steady-state KCa,
albeit with a low probability, similar to what was observed
experimentally (Zahradnmkova and Zahradnik, 1995a). It is
apparent that in the modeled case the presence of direct
A
100
FIGURE 4 Open and closed times,
and burst distributions in the two
modes of activity. The lifetime pa-
rameters of channel kinetics in the
two active modes (L mode, open
bars; H mode, hatched bars) mea-
sured experimentally (ZahradnfkovA
and Zahradnf, 1995a) are compared
with the values obtained from simu-
lated data analyzed in the same fash-
ion (rods). (A) Values of open,
closed, and burst lifetimes and num-
bers of openings per burst. (B) Rela-
tive areas of individual components
of the distributions shown in A.
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RESPONSES OF THE MODEL TO STEP CHANGES
IN ACTIVATING Ca2+ CONCENTRATION
Simulations at the single-channel level
The model was based on data from single-channel responses in
a narrow range of Ca2+ concentration steps (Gyorke and Fill,
1993). In this section we inspect the predictions of the model
for the entire range of Ca steps, which are expected to occur
during the E-C coupling process. Calcium steps from the
resting level of 0.05 ,uM to concentrations of 0.5-1000 ,uM
were used, as shown in Fig. 6 A. It is obvious that the channel
behavior immediately after activation is markedly different
from that in the steady state (cf. Fig. 2 A). The single-channel
records exhibited bursts of closely spaced openings at the
beginning of the step, whereas periods of lower activity and
longer closures were observed at later times.
A set of 64 single-channel responses to a step change in
calcium, such as that shown in Fig. 6 A, was simulated and
then averaged. The ensemble open probabilities, obtained
by dividing the average current by the single-channel am-
plitude (Fig. 6 B, noisy traces) showed transient activation
consisting of a rapid rising phase followed by a slower
decaying phase. Their time course was similar to the theo-
retical kinetics (Fig. 6 B, full lines), suggesting that the
relatively high proportion of missed short openings did not
significantly contribute to ensemble open probability. We
analyzed the time course of distribution of modes in suc-
cessive 409.6-ms segments after the calcium steps. At the
beginning of the steps, the H mode was almost exclusively
present, and its probability decayed with time in a calcium-
dependent manner (Fig. 6 B, circles). On the contrary,
occurrence of the L mode increased with time and saturated
at values predicted by steady-state modal analysis, and the
I mode, appearing with a delay, did not saturate within the
time span of the records (data not shown). Properties of the
modes (lifetime and burst parameters, within-mode open-
probability) did not change with time after the Ca2+ step
(not shown).
The overall kinetics of the transients was analyzed by
fitting the time course of channel open probability, which
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Model of Ca Release Channel Gating
was either calculated by numerical integration of the kinetic
equations or obtained as the ensemble average of simulated
records. In the range 0.5-1000 ,uM Ca2', both activation
and inactivation time courses of theoretical/simulated chan-
nel activity could be fitted by monoexponential functions.
The rate of activation increased more than 20 times from
455 s- 1 at low to 11,000 s- I at high Ca2+ (Fig. 6 C) and
saturated as the Cl 1-* 01 transition became rate-limiting
instead of R *-> Cl. This occurs in the same concentration
range as Ca2+ activation of the channel in the H mode and
its open probability at the peak of activity (Fig. 3 A, Table
2), confirming that the H mode as defined by analysis of
steady-state records determines the activation of the
channel.
Inactivation rate (l/Tinact) increased about 8 times from
0.26 s-1 at low to 2.23 s-1 at high Ca2+ (Fig. 6 C) and,
interestingly, saturated at Ca2+ concentrations lower than
the activation rate did. Saturation occurred when 1) the 01
*-> C2 transition became rate-limiting instead of Cl 1-> 02,
and 2) the maximum level ofPoI was reached, and therefore
the concentration dependence of the inactivation rate (i.e.,
the Ca2+ range in which saturation occurred) was closer to
that of steady-state P0. As a result, the inactivation rates,
when determined from the observable range of transient
responses (which is for ideal records above 0.13 ,uM Ca2 ,
and for sampled, noisy, and filtered records above 0.5 ,uM
Ca2+), will provide a maximally fourfold acceleration of
inactivation. The extent of inactivation (heo) increased with
Ca2+ from 0.16 at the Ca2+ step of 0.5 ,uM up to its
maximum value of 0.77 at 50 ,uM and larger Ca2+ steps,
with a concentration dependence very close to one of l/inact
(Fig. 6 C).
Responses of the model to repeated stimuli
An important aspect of the cardiac calcium release channel
gating observed experimentally (Gyorke and Fill, 1993) is
the ability to activate repeatedly in response to cumulative
stimuli, termed adaptation. First we have evaluated the
theoretical time course of open probabilities for Ca2+ pre-
pulses of variable duration and height, followed by test
pulses to 0.5, 1, 2, and 5 ,uM Ca2+, the concentration range
used by Gyorke and Fill (1993). Activation and inactivation
rates during the test pulse were not affected by the prepulse
amplitude or duration (not shown) and were identical to
rates of controls (Fig. 6 B), as can be expected from the
monoexponential time course of inactivation. Peak open
probability during the test pulse was partially inactivated by
a Ca2+ prepulse. P peak decreased with increasing prepulse
duration and with increasing prepulse Ca2+ concentration
(Fig. 7 B). Prepulses to the same absolute Ca2+ level de-
creased Popeakin test pulses to different Ca2+ levels to
approximately the same extent, and responses to higher test
pulses were slightly more sensitive to inactivation by a
prepulse. Suppression of P01pak developed with an approx-
decreasing with increasing [Ca2+] of the prepulse, provid-
ing a KCa for peak suppression of 0.99 ,uM. When the Ca2+
prepulse amplitude was kept constant, the rate of P.peak
suppression slightly increased with the test pulse Ca2+
concentration.
The model provides transient responses to a series of
Ca2+ increments over a wide range of Ca2+ concentrations
(Fig. 7 C, solid line). The pattern of the response resembles
the "increment detection behavior" (Meyer and Stryer,
1990). As can be seen from the figure, transient responses
can be induced only at Ca2+ higher than 0.13 ,tM (in accord
with the value specified in the section "Construction of the
model") throughout the Ca2+ range, as long as the pool of
state R is not exhausted (dotted line). The increase in open
probability is proportional to the decrease in state R prob-
ability at a given step (Fig. 7 D, squares). According to this
model the "increment detection behavior" results from in-
activation of a subset of channels recruited by Ca2+ from
the available pool of resting channels. At the level of a
single channel the increment detection can be observed
while the channel resides within H-mode states (R, Cl, 01)
at the instant of Ca2+ concentration change, and is mani-
fested as the increase in POH after the step, followed by
redistribution of probabilities of modes into a new steady
state. Therefore the increase in the ensemble-averaged P0 is
proportional to the product of probability of H mode (PH)
before the step and open probability within H mode (Po,H)
after the step (Fig. 7 D, circles; calculated using the values
from Table 2).
Response of the model to a step decrease
in Ca2+
Describing the inactivation mechanism of the model brings
about the logical question, what will be the prediction of the
present model for the recovery from inactivation, which is
expected to happen on resuming the resting level of free
Ca2+ in the junctional space? The kinetics of channel de-
activation from the steady-state activity after a step decrease
in Ca2+ was analyzed for backward steps to the 0.05 ,uM
Ca2+ level from a range of initial activating concentrations
(1 to 1000 ,uM). The decrease in channel activity was found
to be biexponential, independently of the preactivating
Ca2+ level. First 95% of the open probability decayed with
a time constant of 2.35 ± 0.29 ms (the theoretical value
being 2.18 ms), suggesting that the fast phase of deactiva-
tion corresponds to channel closure within H mode, and the
remaining 5% decayed with a time constant of 2.7 ± 1.5 s
(the theoretical value was 1.72 s). The single-channel ac-
tivity during the decay phase is illustrated in Fig. 8 for a step
from 1000 to 0.05 ,uM Ca2+. The fast decay phase consisted
on average of at most one opening from the longer open
time distribution. The slow phase of channel deactivation
was characterized by L-mode-type activity, i.e., short open-
ings separated by longer closures (Fig. 8 A, left panel),
imately monoexponential time course, with time constants
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FIGURE 7 Incremental activation of the Ca release channel. (A) Example of the modeling experiment evaluated in B. Top: Superposition of the ensemble
open probability time courses in response to the step changes of activating Ca concentration in single Ca21 pulse (control, - --) and in the two-step Ca2+
increments ( ). Bottom: Activation protocols: single Ca21 concentration pulse (----) of the control experiment, and prepulse and test pulse ( ) in
the two-step Ca21 increments. (B) Evaluation of experiments outlined in A. Dependence of the test pulse Po,peak on duration (abscissa) and Ca2+ level of
the prepulse ([Ca2+]PP, indicated at the right side in ,uM) relative to the control single pulse experiment. 0, 0, (D, *, Test pulse Ca21 concentrations of
0.5, 1, 2, and 5 ,uM, respectively. (C) Response of the model channel to sequential steps of Ca2+ concentrations spanning the whole range from 10-9 to
10-3 M. Top: Ensemble open probability (full line, left axis), probability of the resting state (dotted line, right axis), and probability of mode I (dashed line,
left axis). Bottom: Ca2+ concentration profile. (D) The relationship between the P. increase (abscissa) and either the decrease in probability of the resting
state APR (-, left axis), or the product of pre-step PH and post-step POH probabilities (0, right axis), with linear regression shown as dotted line, R = 0.993.
,uM Ca2 , in which isolated long openings dominate (right
panel). Although in the steady state at 0.05 ,uM Ca2+ the L
and H modes cannot be distinguished from each other (see
"Ca2+ dependence of P0 and modes"), L-mode-type activity
can be disclosed to underlie the slow phase of deactivation.
The average open time was 0.75 ± 0.06 ms in segments
starting at 10 ms after the Ca2+ decrease (i.e., after the fast
phase of deactivation was well over) and lasting 400 ms,
whereas the steady-state average open time was 2.19 ± 0.13
ms. The average open probability during the slow phase of
decay was at the same time 0.026 ± 0.001 in segments
containing openings (cf. the calcium-independent value of
0.028 ± 0.001 for L mode in Table 2), whereas the steady-
state open probability for the opening-containing segments
was 0.012 ± 0.001 (cf. the theoretical Po,L + Po,H = 0.015
for Ca2+ = 0.05 ,uM calculated from Table 2 data). The
P0
PI
(U
0
3006 Biophysical Journal
Model of Ca Release Channel Gating
A
20 pA
100 ms2 pA
-t,
later r
--I
late
oU
60
40 _
20 _
OL
C
10
(0
2
0~
0
1
0.1
I
0.1
I
0
1 10
Open probability (%)
5 10 15 20 25 30 35 40
No. of openings per 400 ms
FIGURE 8 Single-channel activity after a step decrease in Ca2 . (A) Segments (400 ms) of activity immediately after (left) and 3 s after (right) a step
decrease in Ca21 from 1000 to 0.05 ,iM. The bottom trace is an average of 128 simulated single-channel records (note the difference in scale). (B) The
distribution of the opening frequencies for the simulation shown in A. To avoid superposition of the columns, the column width was reduced to one-half
of the bin with, and the slow phase of deactivation is shown at right (gray bars), and the steady state is shown at left (hollow bars). The respective theoretical
distributions are superimposed (thick lines). (C) Nest diagram of the early (full line) and late (dotted line) phase. The values obtained in consecutive repeated
simulations are shown as a line plot to enhance clarity .
B
CD00
T
Jmw
-n'T'FPY -w 111- F'Pnf I -F Rr'PwI T 1"v
k
early
1""i 1- II I'll I u awi., 1111,W h, - kLiti"
'IF T 'fl- ITI- IFf-MIF-r-ri- -q- PlpRrp-r-r,m I i-'TFTRT
001-1-ii-ollmFr." p- -F--- T,- r 1-1 IT-lp-v 11 17,17", qnplll,li. T"-- fr or -T"
III , i .- -IM iil'm AI -,i ll-il Iii- &.64LA.T r, .r-IM 11 II , II ;v. -11- -11, II 1, T 11111 I 11'
N -iA.. I- " lillM .1 I il" I 1, N,--M- 0- -, ... - W"F111''lls -nT n -l'" '1'|' >r1 s n I .- 1 ,
I I I a a I I I I a I 11 I
I I I
3007Zahradnikovci and Zahradnik
onr
L I 1L 1-- I I
I I s d6- m-00 - EM
-
g
-
mAN - - 0
Volume 71 December 1996
differences in population of L mode between the late phase
of deactivation and the steady state are also apparent from
their respective opening frequencies (Fig. 8 B), which are
bimodal and differ in the proportions of the two Gaussian
components corresponding to the two active modes. The
nest diagram (Fig. 8 C) illustrates these different patterns of
activity, visualizes the properties of both active modes, and
shows that the inability to discern between H mode and L
mode in the steady state is caused by the very low proba-
bility of L mode at low Ca21 concentration. The pattern of
the decay phase activity is similar in the whole range of
preactivating Ca2+, but the differences between the slow
phase of deactivation and the steady state become less
prominent at lower values of preactivating Ca2 which is
consistent with the lower probability of L-mode occurrence
under these conditions.
DISCUSSION
The presented analysis of the Ca release channel gating
model has shown that the model meets the criteria used for
its construction and successfully simulates many features of
the real experiments. Therefore, it represents a useful tool
for testing hypotheses and designing experiments.
The basic assumptions of this model were that among the
three modes of activity (Zahradnikova' and Zahradn1k,
1995a), only the H mode is directly accessible from the
resting state, and, because of the rapidity and high propor-
tion of R *-- Cl transitions at Ca2+ levels above the binding
constant, the resting state can be regarded as a part of the
H-mode states. These assumptions result in the predicted
Ca2+ dependencies of the steady-state properties of the
modes, namely: 1) Open probability within the H mode
increases with Ca2 , whereas P0 within the L mode is
Ca2+-independent. 2) The probability of the H-mode occur-
rence decreases, whereas probabilities of the L mode and I
mode increase with Ca2+. 3) The Ca2+ sensitivity of mode
probability, equal for all three modes, coincides with the
Ca2+ dependence of the steady-state open probability. Ex-
perimental verification of these predictions, which hold
generally for all analogous models, could provide a strin-
gent answer regarding the validity of this class of models for
CRC gating.
Another direct consequence of our basic assumptions is
the exact correspondence between channel activity early
after activation (at the peak of open probability) and its
activity within H-mode sojourn in the steady state. This
prediction can be experimentally tested as well, and the
approach of modal analysis (Zahradnfkova' and Zahradnlfk,
1995a) used together with the techniques we introduced
here could be effectively used for the purpose.
Modeling of steady-state activity
As can be expected from the gating scheme, the model
to the open probability over the whole Ca2+ range (<1000
,uM) inspected, in accordance with most published experi-
mental data (Ashley and Williams, 1990; Chu et al., 1993;
Sitsapesan and Williams, 1994; Zahradnfkova and Zahrad-
nfk, 1995a). At high calcium, the increasing number of
missed very short closures begins to influence both the
measurement of open times (artificial prolongation of the
longer open time component up to appearance of a false
third open time component) and the estimation of their
relative contribution (deviation from the theoretical predic-
tion becomes significant). This observation of the simulated
data warns of premature conclusions on the number of open
or closed times estimated by fitting routines more "power-
ful" than the data.
The model predicts four closed time constants, of which
only that corresponding to the state R (Tc4) is Ca-dependent
and changes over four orders of magnitude. We managed to
resolve all closed time components only at several of the
investigated Ca2+ concentrations. The collection of huge
numbers of events, a procedure that cannot be easily
achieved in real experiments, was necessary. These model-
ing results explain differences among several laboratories in
describing changes of closed and open times with Ca2+, and
in attribution of the channel open probability changes with
increasing Ca2+ to changes in the proportion of the indi-
vidual time components (Chu et al., 1993; Zahradn'kova
and Palade, 1993; Zahradnikova and Zahradnfk, 1995a). As
a result of the fast binding of calcium to the channel, and the
channel sensitivity to Ca2+ in the micromolar range, the
closed time component corresponding to the state R is
dominant and consequently overshadows components with
similar time constants. Resolving these components at low
Ca2+ is further impeded by infrequent openings of the
channel. Calcium-dependent coincidence of the variable
component Tc4 with either the slow, the medium, or the fast
components gives rise to apparent Ca2+ dependence of the
measured relative areas Wi of these three Ca-independent
time constants. Previously we argued (Zahradni'kova and
Zahradnik, 1995a) that the lack of the obvious Ca depen-
dence of the experimentally observed closed time constants
results from the limited time resolution of the measure-
ments, as the rapid Ca2+-dependent transitions may be
filtered out. This holds for the presented model at Ca2+ >
10 ,M. Finally, the finding that a substantial proportion of
the longest closed time component is still present at high
calcium concentration, which is essential for our model and
provides the rationale for existence of the inactivated state,
is also in agreement with the published reports.
Still, even in this simple model and under conditions
favorable over the experiments (fair signal-to-noise ratio,
long simulations), the errors in the estimated values of T
and Wi due to missing of both brief openings and closures,
were significant, despite the very thorough analysis (cf. Fig.
2 B). Accordingly, we are skeptical that without a signifi-
cant improvement in the time resolution of experiments it
will be possible to gain a deeper insight into the fast RyR
channel gating, especially its Ca2+ ion-binding steps. On
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the other hand, far fewer data were necessary for modal
analyses than for analysis of fast channel gating to obtain
statistically reliable results. Modal analyses performed on
steady-state experimental data, even with the recent meth-
odological state-of-the-art technique, therefore could still
add to our understanding of CRC gating.
Analysis of the simulated data has confirmed that noise
and filtering, as well as the finite length of the segment,
introduce errors into modal analysis (Zahradnikova and
Zahradni'k, 1995a) that are similar to errors introduced in
event analysis (Wilson and Brown, 1985). In this respect a
segment is analogous to a sample point and individual
modes are analogous to individual channel states. This type
of error was manifested as the presence of short openings
within the H mode (Fig. 4) and the presence of the false
direct H <-> I transitions (Fig. 5).
Dynamic behavior of the model
The dynamic aspects of channel gating, the so-called adap-
tive behavior observed by Gyorke and Fill (1993), are very
well reproduced by the model at Ca2+ concentrations higher
than 1 AM. At lower Ca2+ the responses of the channel did
not show a prominent inactivation phase and were more
similar to the recent findings of Schiefer et al. (1995)
obtained by the liquid filament technique of changing Ca2+
concentration. Both the rapid activation and a much slower
inactivation are monoexponential processes with time con-
stants decreasing with increasing Ca2+ concentration in a
saturable manner. The Ca2+ dependence of the rates of
activation and inactivation, as well as that of the extent of
inactivation, is in very good agreement with the values
experimentally determined by Schiefer et al. (1995). Inter-
estingly, the apparent calcium sensitivity of the activation
rate is less than that of inactivation rate. According to our
model, however, this does not result from different Ca2+
binding sites responsible for activation and inactivation, but
it is rather a consequence of the different rate-limiting
transitions between sets of states, or in other words, differ-
ent absorbing states (01 for activation, 02 and I for inac-
tivation; Colquhoun and Hawkes, 1982).
The rate of deactivation predicted upon Ca withdrawal
was found to be independent of the Ca2+ level, as can be
expected. Less expected was the observation that 95% of
deactivation proceeds with a time constant of 2 ms, a value
very close to the value of -5 ms reported by Schiefer et al.
(1995). During deactivation from high Ca2+ concentrations
Schiefer et al. (1995) also observed a slow phase of current
decline with a time constant of 842 ms, a value not far from
the prediction of our model, which was not detectable at
lower Ca21 values, again in accordance with our model.
Modal analysis revealed that clusters of the H-mode
activity appear at the onset of the [Ca2+] pulses, whereas the
L and I modes dominate the ends of records, thus endorsing
our previous hypothesis (Zahradn'kova and Zahradnl'k,
cently by resolving the transitions between modes of chan-
nel activity during adaptation, by the prevalence of the H
mode at the peak of open probability (Zahradnlkova' et al.,
1996), and by the finding of Schiefer et al. (1995) that the
average open time within the first 200 ms after activation is
on the order of 2 ms and more, as is the value typical for the
H mode. The high probability of the I mode at high Ca2+
concentrations might also explain the refractoriness of the
channel observed by Schiefer et al. (1995) during fast
switching between pCa > 8 and pCa = 3.
The model has the potential to explain observations in the
release experiments with SR vesicles. For cumulative
[Ca2+] stimuli, the model simulates the "increment detec-
tion" (Meyer and Stryer, 1990) response. According to our
model, the mechanism of increment detection can be con-
ceived simply as a gradual recruitment of channels by an
agonist from the instant pool of agonist-free (resting state)
channels, always passing through the H mode before reach-
ing the steady-state inactivation (which may vary among
channels or agonists according to the respective equilibrium
constants).
Other predictions of the model
The model predicts several other characteristics of the tran-
sient behavior of the channel during responses to rapid
changes of the activating Ca21 concentration, which could
be experimentally tested.
-A surge in Ca2+ from the adjoining L-type Ca channel,
which was estimated by Rose et al. (1992) to produce an
increase in Ca2+ to > 10 ,tM lasting for -0.6 ms, should
produce on average at most one opening of the CRC lasting
-2.5 ms (the average open time within the H mode).
Whether this prediction is true can be tested with the help of
the high-affinity caged Ca2+ compounds (DM-nitrophen or
NP-EGTA) to produce Ca2+ spikes (Escobar et al., 1995;
Ellis-Davies et al., 1996) of amplitude and duration com-
parable to injection via the L-type Ca channel.
-In two-pulse experiments the level and duration of the
[Ca2+] prepulse modulates only the amplitude of the P0
transient during the test pulse, without affecting its activa-
tion and inactivation rates.
-The intramodal characteristics of the L mode do not
change with either time after the Ca2+ step or the level of
Ca2+ attained. On the other hand, the within-mode open
probability and intramodal closed times of the H mode do
change with Ca2+, but they are predicted to be invariant in
time after a step Ca2+ change.
Comparison with other models of calcium
release channel gating
Other recently published models, designed specifically to
reproduce different aspects of the adaptation phenomena,
predict single-channel behavior different from the experi-1995a). This hypothesis was experimentally confirmed re-
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incorporates a calcium-dependent inactivation step, and
therefore it incorrectly predicts a decrease in single-channel
activity in the steady state to zero at [Ca2+] 10 ,uM. In the
models of Cheng et al. (1995) and Sachs et al. (1995),
individual open states differ in the number of bound Ca2+
ions, and therefore their proportions are strongly dependent
on Ca2+ concentration. The model of Sachs et al. (1995)
predicts significant activation of the channel in the absence
of an activator, and prolongation of one of the open times
with increasing Ca2+. The model of Cheng et al. (1995)
incorporates a large number of open states, comparable to
the number of closed states, with lifetimes that are Ca2+
dependent. Neither of those predictions has real support in
experimentally observed single-channel activity.
Schiefer et al. (1995) suggest three Ca2+-binding sites to
interpret the time and calcium dependence of CRC open
probability, based on the calcium dependence of inactiva-
tion rate and the occurrence of slow reopenings and the slow
deactivation phase. However, their data, specifically the
increase in the inactivation rate and in its extent with in-
creasing Ca2 , the existence of the slow phase of deactiva-
tion during which reopenings of an "inactivated" channel
occur, and rates of activation and deactivation, can all be
simulated very reliably with our one Ca binding site model
(see the section "Dynamic behavior of the model," and Figs.
6 and 8). It should be noted that the results of Schiefer et al.
(1995) were not available to us at the time of the model
construction. It should also be noted that the wide separation
in the rate of the fast and the slow processes does not
necessarily ensure that a simplified analysis, as used by
Schiefer et al. (1995), will produce correct results. For
instance, analysis of our model by the method of Schiefer et
al. (1995) yields a value of 1.33 X 108 M-l s-1 for koI,
whereas the correct value is almost 10 times larger (see Fig.
8 and Table 1). One would obtain a still higher difference
between the calculated and the correct values of k0ff (l/Td =
457 s- , whereas kclR = 1.0 X 105 s-, respectively; see
Table 1). Because in the presented model binding of a single
Ca2+ ion produces results compatible with the experimental
observations, i.e., it shows different calcium sensitivities of
peak and steady-state open probability and different appar-
ent calcium sensitivities of activation and inactivation rate,
these differences cannot be used as a sound evidence for the
presence of different Ca2+-binding sites. Instead, we sug-
gest that these differences arise simply from the involve-
ment of different sets of the channel's states in the respec-
tive responses, not necessarily differing in the number of
bound Ca2+ ions.
Peak versus steady-state calcium sensitivity of
the open probability
The apparent KCa estimated from the peak and from the
steady-state P0 were found (Gyorke and Fill, 1993) to be
significantly different, i.e., the peak response was about 5
times more sensitive to Ca2+ than the steady-state response,
when measured by the caged Ca2+ technique. Our model,
although reproducing other experimental aspects very well,
predicts the opposite shift, i.e., that the apparent KCa of peak
P0 is about a factor of 4 higher than the apparent KCa of
steady-state PO. This results in another difference between
our model and the observations-whereas in our model the
difference between the peak and the steady-state open prob-
ability becomes most prominent at steps to high Ca2 , it
was observed by Gyorke and Fill (1993) to be most prom-
inent at low Ca2+ steps. In this respect it should be noted
that when the fast perfusion technique is used to change the
Ca2+ concentration, neither inactivation at low Ca2+ nor a
shift in KCa has been demonstrated (Schiefer et al., 1995),
and in some studies, inactivation has not been detected at all
(Sitsapesan et al., 1995). On the other hand, prominent
calcium release adaptation has been observed at low agonist
concentrations in experiments utilizing sarcoplasmic retic-
ulum vesicles (Dettbarn et al., 1994; Meszairos et al., 1996)
or even in living cells (Yasui et al., 1994; Gyorke and
Gyorke, 1996).
There are still three points to be discussed regarding the
discrepancy between the results of caged-Ca2+ experiments
and our model. First, the changes in calcium concentration
in the experiments of Gyorke and Fill (1993) could have
been calcium spikes rather than steps, as argued by Lamb et
al. (1994) and Lamb and Stephenson (1995). Our analysis of
the problem (data not shown) indicates that calcium spikes
of the size and shape suggested by Lamb and co-workers
would shift the KCa for PO peak Of our model to or even below
the experimentally observed values. However, the model
then shows a very fast activation even at the lowest calcium
steps, in contradiction to the observation (Gyorke and Fill,
1994; Gyorke et al., 1994). Lack of adaptation observed in
analogous experiments with purified CRC by Velez et al.
(1995), and the rapid deactivation of the channel observed
when Ca2+ was rapidly decreased by photolysis of the
caged calcium buffer diazo-3 (Velez et al., 1996), also make
this explanation unlikely. In addition, recent measurement
of the time course of calcium spikes, utilizing the fast Ca2+
indicator calcium orange (Escobar et al., 1995; Ellis-Davies
et al., 1996), suggest that the spikes are much too fast to
account for the observed phenomenon. Second, the channel
activity might be additionally regulated by external calci-
um-binding molecules, or by external molecules stabilizing
slow-access states of the channel (memory molecules). A
model of this kind has been proposed to explain the incre-
ment detection behavior of the IP3 receptor (Swillens,
1992). Possible regulation of this type is supported by the
report of Velez et al. (1995), who found that purified ryan-
odine receptors do not exhibit the decaying phase of activity
after a step increase in Ca2+ concentration. Third, our
model may be oversimplified and the observed shift in KCa
of the peak open probability with respect to steady-state PO
might be a genuine property of the CRC. It has been shown
that models with multiple binding sites might simulate this
shift (Cheng et al., 1995), although they do not reproduce
the observed return of open probability to resting levels at
3010 Biophysical Journal
Zahradnikova and Zahradnik Model of Ca Release Channel Gating 3011
the lowest Ca2+ steps (Gyorke and Fill, 1993). It has been
demonstrated that a very large number of Ca2+-binding
sites is necessary to describe this phenomenon in terms of a
thermodynamically reversible channel model (Stem, 1996).
More complex models may in a certain range of activat-
ing calcium concentrations provide both the modal behavior
of the channel and the shift in calcium sensitivity observed
during adaptation, e.g., a modification of the model of
Cheng et al. (1995), where occupation of the activation and
adaptation sites by calcium would be regarded not as tran-
sitions between open and closed states but as transitions
between modes. Furthermore, extensions of our model, e.g.,
in which interaction of the channel with the regulatory
molecule would change the proportions of the three channel
modes at equilibrium, could possibly explain all of the
mentioned findings. Models of this type are intriguing can-
didates, given the tetrameric nature of the ryanodine recep-
tor and its numerous regulatory mechanisms. However, any
refinement of the models desperately needs better experi-
mental data.
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